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MINERAL COMPOSITION OF FORAGE
LEGUMES AS INFLUENCED BY

ALUMINUM

V. C. Baligar,1,∗ D. L. Grunes,2 D. P. Belesky,1

and R. B. Clark1

1USDA-ARS, Appalachian Farming Systems Research
Center, Beaver, West Virginia 25813-9423

2USDA-ARS, United States Plant, Soil, and Nutrition Lab,
Ithaca, New York 14853-2909

ABSTRACT

The nutritional quality of plants is primarily controlled by
concentrations of essential nutrients and potentially detrimental
substances, and these are influenced to a great extent by phytotoxic
aluminum (Al). Alfalfa (Medicago sativa L.), red clover (Trifolium
pratense L.), and birdsfoot trefoil (Lotus corniculatus L.), cultivars
were grown in nutrient solution culture under controlled conditions
and the effects of Al on growth and mineral composition of plants
were evaluated. With a few exceptions, Al significantly reduced
shoot and root dry weights, and generally increased the concen-
trations of elements in shoots. Further increases in Al tended to
reduce mineral concentrations in each species and cultivar. This
was probably related to root injury, reduced dry matter accumula-
tion at higher Al, and reduced nutrient demand at higher Al levels.
In alfalfa and red clover cultivars, elemental equivalency ratios for
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K/Mg and K/(Ca + Mg) increased, and ratios for Ca/P decreased
in plants grown with Al. Forage with low Ca/P indicates poor qual-
ity, and high K/Mg and K/(Ca + Mg) ratios indicates higher grass
tetany hazard to animals. Most of the elemental concentrations and
nutrient ratios were similar for Al-sensitive and Al-tolerant culti-
vars of alfalfa and red clover. The species and cultivars used in this
study had inter- and intraspecific differences in growth and nutri-
ent concentrations, both in the presence and absence of phytotoxic
levels of Al.

INTRODUCTION

Aluminum in the growth medium can be detrimental to growth of legumes
and can interfere with uptake of essential mineral nutrients by roots (1–3,5,17).
Mineral nutrient efficiency ratios (ER = units of shoot dry weight produced per
unit of element in shoots) of absorbed nutrients were reduced by phytotoxic levels
of Al in birdsfoot trefoil, alfalfa and red clover (2,3,17). Aluminum reduced uptake
of Ca and Mg in oats (Avena sativa L.) (6) and wheat (Triticum aestivum L.) (7,8).
Reduction in Ca and Mg in forages might lead to mineral disorders in animals
which consume the forage particularly hypomagnesia (grass tetany). Aluminum
decreased Ca and Mg concentrations in plants more than K concentrations (4,7–9).
These effects resulted in increases of K/(Ca + Mg) ratios in plants, to enhance the
potential for grass tetany hazard in animals. Grass tetany is a nutritional disease
of ruminants caused by a deficiency of Mg in their diet (10). The incidence and
severity of grass tetany increases in animals when Ca is also low. Grass and small
grain forages with equivalent ratios of K/(Ca + Mg) of 2.2 or greater (calculated as
a mole charge per kilogram) are considered to be tetany prone. Reduction of this
ratio to less than 2.2 improves the nutritional quality of forages (10,11). Macro-
(Ca, Mg, K, S, P, and N) and micro- (B, Cu, Co, Fe, I, Mo, Mn, Se, and Zn)
elements are essential to animals, and lack of these elements in forages limits
animal production (12,13).

Differences in growth and mineral uptake are genetically controlled in plants,
and variations in these characteristics have been reported in the presence or absence
of phytotoxic levels of Al for white clover (Trifolium repens L.) (14,15), red clover
(2,16), and alfalfa (3,17,18). This genetic potential of plants could be harnessed
to produce forages that have adequate levels of needed nutrients to enhance good
animal production on forages grown on acidic soil ecosystems.

Three nutrient culture experiments were conducted under controlled con-
ditions to assess growth and shoot mineral nutrient concentrations and nutri-
ent quality ratios of alfalfa, red clover, and birdsfoot trefoil grown at various
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levels of Al. Fifteen entries of alfalfa and 23 entries of red clover were also
evaluated.

MATERIALS AND METHODS

Growth Conditions

Experiments were conducted in a climatically controlled growth room with
14 h of 530 µmol s−1 m−2 light and 10 h of darkness. With lights on, temperature
was 28◦C at 60% relative humidity (RH), and with lights off, temperature was
28◦C with 80% RH. Modified Steinberg solution (19) at pH 4.5, was used as the
growth medium. The nutrient solution composition was 4.4 NO3-N, 0.4 NH4-N,
1.5 Ca, 0.3 Mg, 0.7 K (mmol L−1) and 97 P, 115 S, 6.6 B, 0.6 Zn, 0.16 Cu, 0.1 Mo,
2.4 Mn, and 21.48 Fe (µmol L−1). The Fe was added as equal amounts of FeSO4

and Fe-DTPA. Aluminum was added as Al2(SO4)3 · 18H2O.

Experiment 1

Seedlings of birdsfoot trefoil (cv ‘Empire’ and ‘Viking’), red clover (cv
‘Kenstar’ and ‘Tensas’), and alfalfa (cv ‘Arc’ and ‘Oklahoma’) were germinated
in perlite, and on the ninth day 10 seedlings were transferred to 14-L polyethylene
containers. High density styrofoam was used as a top to hold plants in place. Three
levels of Al (0, 100, 200 µM) were used and nutrient solution pH was adjusted to
4.5, and unadjusted thereafter. Water having pH 4.5 was added to the containers
as needed to maintain water level. Solutions were not renewed during the study.
Plants were harvested when 51 days old. A complete randomized design with three
replications was used. Detailed experimental methods for this study are provided
in Baligar et al. (3).

Experiment 2

Fifteen entries of 21-day-old alfalfa clones grown in a sand: perlite (1:1)
mixture, were used for the study. Eight plants per alfalfa entry were suspended
over 10-L polyethylene containers that were fitted with high density foam plas-
tic tops. After 10 days in the nutrient solution, Al treatments (0, 75, 150 µM)
were introduced, pH was adjusted to 4.5, and no further pH adjustments were
made during the course of the experiment. Solutions were not renewed during
the study; however deionized water at pH 4.5 was added to compensate for wa-
ter losses. The experiment was terminated after plants had been in the treatment
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solutions for 25 days. A split-plot design was used, where cultivars were sub-
treatments, and each experimental block had three replications. Cultivars and the
line and growth conditions used for this study have been reported by Baligar
et al. (17).

Experiment 3

Seeds of 23 entries of red clover were germinated and grown for 10 days in
a mist bed on plastic screens fitted to plastic containers. Each of these containers
with 10 plants were suspended over 14-L polyethylene containers. Plants were
introduced to 0, 25, 50, 75, and 100 µM Al after one week of growth in nutrient
solution at pH 4.5. The solutions were renewed at 2-week intervals, and at each
renewal, pH was adjusted to 4.5. No adjustment in pH was made during the 2-
week intervals. The experiment was terminated when the plants were 46 days old.
A complete randomized design with two replications of each Al treatment and
cultivar was used. Baligar et al. (2) reported the experimental method and cultivars
of red clovers used in this study.

Harvest and Plant Analysis

At harvest, roots and shoots were separated, rinsed with deionized water,
blotted dry, oven-dried at 70◦C and weighed. Shoot samples were ground to pass a
0.50-mm mesh screen, and subsamples were wet-digested in HNO3/HClO4 (4:1)
mixtures. Elements were determined by inductively coupled plasma (ICP) emis-
sion spectroscopy. Relative growth reductions (RGR) of shoots were calculated as
follows:

RGR = [1 − (shoot weight with Al/shoot weight without Al)] × 100

where shoot weights were taken at 0 and 75 µM Al for alfalfa and at 0 and 50 µM
Al for red clover.

RESULTS AND DISCUSSION

Aluminum Effect on Growth and Elemental Concentrations

Shoot and root dry matter yield for plants grown without Al as also growth
reduction due to Al, nutrient uptake, and efficiency ratios have been reported
(2–3,17). Increasing Al in the growth medium significantly reduced shoot and
root weight for each legume species and of the different cultivars of each species
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Table 1. Shoot Dry Weight (DW) and Concentrations and Ratios of Elements in Shoots
of Birdsfoot Trefoil, Red Clover, and Alfalfa as Influenced by Aluminum Levels

Dry Wt
Shoot Elemental Concentrations

Shoot Root K/Mg
Species/ Al (g/10 (g/10 P K Mg Fe Mn Zn Cu (meq/
Cultivar (µM) plants) plants) (mg/g) (mg/g) (mg/g) (µg/g) (µg/g) (µg/g) (µg/g) kg)

Birdsfoot trefoil
Empire 0 3.50 2.42 0.55 3.87 1.24 35.8 25.5 14.8 2.5 1.00

100 0.34 0.28 0.82 9.89 1.73 34.4 30.2 30.5 4.7 1.78
200 0.05 0.04 0.28 7.71 1.42 12.2 32.0 80.3 12.2 1.69

Viking 0 3.53 2.68 0.50 3.46 1.22 161.9 32.2 37.3 2.8 0.90
100 0.44 0.33 0.56 9.14 2.38 34.0 37.8 27.1 4.7 1.19
200 0.06 0.04 0.24 8.83 1.40 18.0 26.8 54.9 10.7 1.96

Red clover
Kenstar 0 3.85 1.80 0.59 3.68 1.78 69.5 28.9 19.2 44.7 0.67

100 1.13 0.40 0.76 12.87 1.95 27.5 31.9 28.3 5.2 2.06
200 0.12 0.03 0.56 12.27 2.35 23.0 38.8 69.5 17.5 1.62

Tensas 0 6.07 1.63 0.74 3.50 1.81 54.4 24.2 19.6 49.2 0.61
100 2.21 0.60 0.73 11.72 1.51 12.2 25.8 22.1 3.7 2.43
200 0.10 0.04 0.51 12.10 2.31 17.0 37.7 57.3 14.4 1.63

Alfalfa
Arc 0 6.40 3.05 0.40 3.26 0.73 14.4 27.4 15.8 3.2 1.51

100 0.10 0.10 0.64 10.09 2.18 35.4 47.1 65.9 12.0 1.44
200 0.05 0.04 0.65 9.48 2.51 35.5 64.6 96.9 23.2 1.17

Oklahoma 0 6.22 2.59 0.39 3.59 0.74 12.5 27.0 13.7 2.8 1.53
100 0.07 0.06 0.62 10.02 2.14 39.0 58.3 64.4 14.3 1.46
200 0.05 0.04 0.50 6.91 1.90 37.5 49.9 78.3 18.4 1.13

Analysis of variance—F value
Species (S) NS NS b b b NS b b b NS
Cultivar (C) NS NS NS a b NS NS NS NS NS
T-Al (T) b b b b b NS b b b b

S × T NS b b b b a b b b b

C × T NS NS NS b b NS b b NS a

Among T-Al b b a b b NS b b NS b

(Linear)

a,bSignificant at 0.05 and 0.01 levels of probability, respectively.
NS = Not significant.

(Tables 1–3). Mean shoot dry weight of alfalfa cultivars grown at 75 and 150µM Al
was reduced by 29 and 62% compared to the control, respectively (Table 2). Mean
shoot weight of red clover cultivars grown at 50 and 100 µM Al was reduced
by 75 and 93% compared to the control, respectively (Table 3). Increasing Al
significantly reduced root weight of alfalfa and red clover cultivars. However, Al
was more toxic to red clover roots than to alfalfa (Tables 2 and 3).
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Increases in Al from 0 to 200 µM increased shoot concentrations of K
in all these species, and frequently the concentrations of Mg, Mn, and Zn too
(Table 1). Increasing Al decreased concentrations of Fe in birdsfoot trefoil, and
Fe, and Cu concentrations in red clover. Increasing Al increased Fe concentrations
in alfalfa and Cu concentrations in birdsfoot trefoil and alfalfa (Table 1). Many
elemental concentrations in each species and cultivars were lower than the dietary
requirements of dairy and beef cattle (20–22).

Alfalfa grown with up to 150 µM Al had increased shoot concentrations of
N, P, S, K, Mg, Zn, and Mn, but had reduced Ca (Table 2). Red clover grown with
up to 100 µM Al had increased shoot concentrations for P, S, K, and B (Table 3).
Increased shoot concentrations of Mg, Fe, and Mn in red clover were observed by
increasing solution Al to 50 µM . Plants grown with further increases in Al tended
to have reduced shoot concentrations of these elements (Table 3).

Reduction of Ca concentrations with increasing Al were similar in the red
clover entries to those for alfalfa. Increases in concentrations of elements in shoots
due to Al may have been related to reduced dry weight of shoots because of
the concentrating effect of reduced growth. Further increases of Al phytotoxicity
reduced shoot and root growth considerably, which resulted in reduced element
concentrations in shoots.

Overall concentrations of Ca, Mg, Zn, and Mn in shoots of 15 alfalfa cultivars
were sufficient to support normal plant growth (Table 2). However, concentrations
of N, P, S, and K were at less than sufficient levels (23). In the study with 23 red
clover cultivars (Table 3), the overall shoot concentrations of P, S, Ca, Mg, and
B were at below sufficiency levels, whereas K, Fe, and Mn were at a sufficiency
levels to support normal plant growth (23).

Shoot concentrations of S, K, Ca, Mg, Zn, and Mn observed for alfalfa
(Table 2) and red clover (Table 3) cultivars were adequate for dietary needs of
dairy and beef cattle (20–22). However, P concentrations were lower than dietary
needs of ruminants. The dietary P needed by dairy and beef cattle is 2.0 to 4.8 mg
P g−1 feed (20–22). The alfalfa cultivars had P concentrations of less than 2 mg
g−1, which were lower than ruminant dietary needs. The micro elements B, Cu,
Mo, Fe, Mn, and Zn are essential for plants and animals, and I, Co, and Se are
generally accepted as essential for livestock (13). Deficiency of these elements in
forages could limit livestock production (12,13). Overall, Al tended to increase
concentrations of Zn, Mn, B, Fe, and Mn in the legumes grown in our study,
but reduction of shoot dry matter accumulation in each species and cultivar was
considerable. This could lead to reduced uptake of essential elements by animals
that consume such forages.

Barring a few exceptions, species, cultivars, Al-treatment, and interactions
resulted in significant differences in concentrations of elements in shoots
(Tables 1–3). With a few exceptions, overall significant linear responses were
observed for elemental concentrations as Al in solution was increased.
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Aluminum Effects on Forage Quality

Increasing the level of Al increased K/Mg ratios for birdsfoot trefoil and
red clover (Table 1). However, this was not the case for alfalfa, where added Al
markedly increased Mg concentrations (Table 1).

Gross and Jung (24) recommended use of the K/Mg equivalent ratio for
legumes, rather than the K/(Ca + Mg) equivalency ratio, because legumes normally
have higher Ca concentrations than grasses when grown in soil. The K/Mg ratios
for alfalfa cultivars (Table 2) were 1.8 fold lower than those for red clover cultivars
(Table 3). Gross and Jung (24) reported that alfalfa cultivars had higher K/Mg
ratios than had cultivars of white clover, red clover, and birdsfoot trefoil, and
that grass tetany incidence would be less in cattle consuming legumes other than
alfalfa. The conclusions of Gross and Jung (24) were in agreement with data from
three locations in West Virginia (25). It was noted in these studies that alfalfa was
consistently lower in Mg than did red clover, and was almost always lower in Mg
than did white clover.

An equivalent ratio of K/(Ca + Mg) greater than 2.2 in forages has been
associated with grass tetany hazard in ruminants, and Mg concentration of 2.5 mg
g−1 in forages may be required to prevent grass tetany (10). Small grains or grass
forages containing 2 mg g−1 Mg or less, and more than 30 mg g−1 of K on a dry
weight basis, are likely to induce grass tetany (10). In our study, Mg concentrations
in legumes were 1.7–2.6 mg g−1, and K concentrations were 10.6–22.9 mg g−1.
Grass tetany occurred when grass Ca levels were 3.9 mg g−1 in New Zealand,
5.2 mg g−1 in The Netherlands, and 4.0 mg g−1 in Norway (25). The Ca concen-
trations observed in our study ranged from 18 to 23 mg g−1 for alfalfa (Table 2)
and 8–17 mg g−1 for red clover cultivars (Table 3). The high Ca concentrations
in legumes compared to grasses and cereals might lead to reduced grass tetany
hazard for animals. Inclusion of high proportions of legumes in grass mixtures
might prevent the occurrence of grass tetany in animals grazing on acidic soils that
normally have low Ca and Mg.

Increasing Al from 0 to 150 µM in alfalfa, reduced Ca/P ratios from 24.3
to 17.4 (Table 2). In red clover, increasing Al from 0 to 100 µM reduced Ca/P
ratios from 11.1 to 4.2 (Table 3). Ratios of Ca/P of 1.0–2.0 are not detrimental to
growth and bone formation in animals. Growth rates of calves were satisfactory
at Ca/P ratios ranging from 1.0 to 7.0, and decreased performance occurred when
calves were fed with forages containing higher or lower Ca/P ratios than these (21,
26). Smith et al. (27) did not find differences among lactating cows fed rations
containing Ca/P ratios of 1.0, 4.0, and 8.0. The high ratios of Ca/P observed in
our study were associated with lower P concentrations in both alfalfa and red
clover (Tables 2 and 3). High Ca/P ratios in alfalfa compared to those in red clover
could result in poor quality alfalfa forage. The high Ca/P ratios could also lead to
decreased performance and nutrient conversion in animals consuming such forage.
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Table 4. Average Response of Growth Parameters, Concentrations, and Ratios of Elements
in Shoot of Al-Sensitive and Al-Tolerant Alfalfa and Red Clover Cultivars

Alfalfaa Red Cloverb

Parameters Al-Sensitive Al-Tolerant Al-Sensitive Al-Tolerant

Growth
Shoot dry weight g/plant 1.34 1.77 0.11 0.18
Root dry weight g/plant 0.56 0.76 0.05 0.08
RGRc—shoot % 39.00 18.00 83.40 60.50
Shoot/root DM ratio 2.41 2.39 2.50 2.30

Concentrationd

C 430.0 426.0 – –
N 26.0 21.0 – –
P 0.9 0.8 1.9 1.7
S 2.4 2.0 1.8 1.8
K 13.4 11.2 21.5 22.0
Ca 23.3 22.0 17.0 17.1
Mg 2.9 2.1 2.4 2.3
Fe – – 75.2 72.5
Mn 59.7 45.1 49.9 52.5
Zn 25.5 28.0 – –

Mineral ratios
Ca/P 26.6 28.4 9.5 10.3
N/S 11.4 10.5 – –

Equivalency ratios (meq/kg)
K/Mg 1.50 1.70 2.92 2.92
K/(Ca + Mg) 0.26 0.23 0.54 0.55

aAlfalfa, Al-sensitive where RGR ≥ 35, Al-tolerant RGR ≤ 23.
bRed clover, Al-sensitive where RGR ≥ 77, Al-tolerant RGR ≤ 70.
cRGR = [1 − (shoot wt with Al/shoot wt without Al)] × 100. Al levels for alfalfa were 0
and 75 µM and for red clover 0 and 50 µM .
d Concentration mg/g for C, N, P, S, K, Ca, and Mg, and µg/g for Fe, Mn, and Zn.

The N/S ratios ranged from 10.6 to 13.1 in alfalfa cultivars (Table 2), with
the N/S ratio of 15.0 being recommended (13). Bouchard and Conrad (28) reported
that N/S ratios of 12.0 were adequate for feed intake of lactating dairy cows. The
S requirement for lactating dairy and beef cattle should be 1–2 mg g−1 in diets
(20–22). Concentrations of S in alfalfa shoots were 1.8–2.4 mg kg−1, which were
low for supporting good alfalfa growth, but appeared to be adequate for animal
diets.

The C/N ratios in alfalfa declined from 20.3 to 15.2 when Al was increased
from 0 to 150 µM (Table 2). This was due primarily to N concentrations increasing
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from 21.1 to 28.3 mg g−1. These levels of N would be low for support of good
alfalfa growth.

It was frequently noted that cultivars, Al-treatments, and the interactions in
the alfalfa and red clover cultivar studies had significant differences in elemental
ratios of Ca/P, C/N, and N/S, and in equivalency ratios of K/Mg and K/(Ca + Mg)
(Tables 2 and 3). With a few exceptions, elemental ratios gave significant linear
and quadratic responses to Al treatment.

Concentrations and Quality Relative to Aluminum Tolerance

Aluminum-tolerant and Al-sensitive cultivars of alfalfa (Experiment 2) and
red clover (Experiment 3) were compared for differences in growth and concen-
trations as also for equivalency and concentration ratios of elements when grown
with toxic levels of Al (Table 4), The Al-tolerant cultivars of both alfalfa and red
clover had higher shoot and root dry weights, lower RGR for shoots, and lower
shoot/root dry matter ratios than those for Al-sensitive cultivars. Foy (5) reported
similar observations for several plant species.

The elemental concentrations, mineral ratios, and equivalency ratios were
generally similar for Al-sensitive and Al-tolerant cultivars. Exceptions were the
higher concentrations of N, Mg, and Mn in Al-sensitive alfalfa cultivars. For alfalfa,
K/Mg and K/(Ca + Mg) ratios were low because K was not high. The K/(Ca + Mg)
ratios were also low for red clover. Indeed, equivalency ratios of K/(Ca + Mg) in
both alfalfa and red clover were considerably lower than the 2.2 value, which could
reduce grass tetany in cattle and sheep.
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